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ABSTRACT

Monoclonal antibody (mAb)-based blockade of programmed cell death 1 (PD-1) or its ligand to enable
antitumor T-cell immunity has been successful in treating multiple tumors. However, the structural basis of
the binding mechanisms of the mAbs and PD-1 and the effects of glycosylation of PD-1 on mAb interaction are
not well understood. Here, we report the complex structure of PD-1 with toripalimab, a mAb that is approved
by China National Medical Products Administration as a second-line treatment for melanoma and is under
multiple Phase 1-Phase 3 clinical trials in both China and the US. Our analysis reveals that toripalimab mainly
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binds to the FG loop of PD-1 with an unconventionally long complementarity-determining region 3 loop of the
heavy chain, which is distinct from the known binding epitopes of anti-PD-1 mAbs with structural evidences.
The glycan modifications of PD-1 could be observed in three potential N-linked glycosylation sites, while no
substantial influences were detected to the binding of toripalimab. These findings benefit our understanding
of the binding mechanisms of toripalimab to PD-1 and shed light for future development of biologics targeting
PD-1. Atomic coordinates have been deposited in the Protein Data Bank under accession code 6JBT.

Introduction

Monoclonal antibody (mAb)-based immune checkpoint therapy
(ICT), which involves blocking immune checkpoint receptor-
ligand interactions to restimulate antitumor T-cell immunity for
tumor immunotherapy, has gain particular interest since the
approval of cytotoxic T-lymphocyte-associated protein 4 (CTLA-
4)-targeting ipilimumab in 2011."* As a critical inhibitory mole-
cule in modulation of T-cell reactivity, programmed cell death 1
(PD-1) plays pivotal roles in immune suppression within the
tumor microenvironment.”® The blockade of the interaction
between PD-1 and its ligand, PD-L1, to interrupt the inhibitory
signaling in T cells could release the preexisting antitumor T-cell
activity to kill tumor cells.”® To date, seven immune checkpoint-
blocking mAbs have been approved by US Food and Drug
Administration (FDA), i.e. CTLA-4-targeting ipilimumab (2011,
Bristol Myers-Squibb); PD-1-targeting nivolumab (2014, Bristol
Myers-Squibb), pembrolizumab (2014, Merck & Co., Inc.) and
cemiplimab (2018, Sanofi and Regeneron); and PD-L1-targeting
atezolizumab (2017,  Genentech), durvalumab (2017,
AstraZeneca) and avelumab (2017, Merck KGaA and Pfizer)."’
Clinical studies reveal that these mAbs not only induce durable
tumor suppression in multiple tumors as monotherapy, but also
play important roles in improving antitumor efficacy in combina-
tion with chemotherapy, targeted therapy, and other

immunotherapies, e.g. chimeric antigenic receptor engineered
T cells (CAR-T) or oncolytic virus. 1

The structural basis of the binding of PD-1/PD-L1-blocking
mAbs to their targets has been reported, which facilitates our
understanding of the blocking mechanisms and differential bind-
ing characteristics of these mAbs."*™"® The binding of nivolumab
is mainly located on an unexpected N-terminal loop of PD-1,
which is out of the immunoglobulin (Ig)-like domain that con-
tributes binding to PD-L1."® On the other side, pembrolizumab
binds to the flexible C'D loop of PD-1, which is also not involved
in the interaction with PD-L1.'® Although these two PD-1-target-
ing mAbs bind to different regions on PD-1 to block the PD-1/
PD-L1 interaction, they compete with each other with stereospe-
cific hindrance when binding to PD-1."" PD-L1-targeting mAbs
bind to PD-L1 with distinct orientations, and mainly target the
loops of PD-L1 to interrupt PD-1/PD-L1 interaction.'>">"
Nanobodies targeting PD-L1 that block the binding of PD-1/
PD-L1 have also been reported.'” However, whether these mAbs
are representative of all the binding modes of PD-1/PD-L1 block-
ing mAbs is unknown. Nevertheless, there are more mAbs target-
ing PD-1/PD-L1 in clinical trials and investigations of the binding
mechanisms of these mAbs would provide better understanding
of mAb-based PD-1/PD-L1 blockade for tumor ICT.*

Glycosylation modifications of PD-1 or PD-L1 and the effects
of these glycosylations to the interaction with therapeutic mAbs,
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which may be correlated with the clinical responsiveness of these
mAbs, are concerns in this field.'">*' Both PD-1 and PD-L1 have
glycosylation modifications; in particular, PD-1 is highly
glycosylated."” Li et al. recently reported that glycan modifica-
tions of PD-L1 influence the interaction with PD-1, and subse-
quent immunosuppression in triple-negative breast cancer.”” In
addition to the expression in T cells, PD-1 is also reported to
exist in tumor cells, which commonly have dysregulated glyco-
sylation modifications.” It is reported that the binding of the
two FDA-approved mAbs, pembrolizumab and nivolumab, with
PD-1 is independent of PD-1 glycosylation.'>'® However, the
glycan modifications of PD-1 and the effects of binding to other
PD-1 targeting mAbs are less understood.

Toripalimab, a humanized IgG4 mAb targeting PD-1, was
approved by the China National Medical Products
Administration in 2018 as a second-line treatment for melanoma,
and it is also undergoing multiple Phase 1-Phase 3 clinical trials in
numerous indications, including nasopharyngeal carcinoma, and
nonsmall cell lung cancer. Here, we determined the complex
structure of toripalimab and PD-1 to elucidate the structural
basis of the interaction between toripalimab and PD-1. The domi-
nant binding to the FG loop of PD-1 with a long complementarity-
determining region 3 (CDR3) loop of heavy chain (H chain) is
substantially different compared to that of nivolumab and pem-
brolizumab. Glycosylation modifications of PD-1 could be
observed in three potential N-linked glycosylation sites, and the
binding to toripalimab was investigated. These findings improve
our understanding of the binding mechanisms of toripalimab, and
broaden our knowledge about mAb-based tumor ICT.

Results
Tumor suppression of the PD-1 targeting toripalimab

Toripalimab could block the interaction between PD-1 and its
ligands. The ability of toripalimab to compete with PD-L1 or
PD-L2 for PD-1 binding was assessed in enzyme-linked immu-
nosorbent assay (ELISA) and flow cytometry-based competition
experiments (Figure 1(a,b)). In ELISA-based assays, recombi-
nant human PD-1 (hPD-1) extracellular domain (ECD) protein
was immobilized to microtiter plates. The results showed that
toripalimab could efficiently block the binding of ligands PD-L1
and PD-L2 to PD-1 (Figure 1(a)). Toripalimab was also con-
firmed to block interactions between PD-1 and PD-L1 and PD-
L2 in flow cytometry-based competition assays, which involved
293T cells stably transfected with human PD-1 (Figure 1(b)).
Half-maximal inhibitory concentrations (ICsp) of toripalimab in
ELISA-based PD-1/PD-L1 inhibition assays were determined to
be 0.8 nM for PD-L1 and 1.3 nM for PD-L2, while the ICs, of
toripalimab was determined to be 1.3 nM for PD-L1 and 3.7 nM
for PD-L2 in flow cytometry-based assays. The results indicated
that toripalimab could block the interaction of PD-1 with its
ligands, PD-L1 and PD-L2, and showed a higher blocking effi-
cacy to PD-1/PD-L1 than PD-1/PD-L2.

The in vivo tumor suppression efficacy of toripalimab was
examined in hPD-1 knock-in mice of C57BL/6 background
(C57/hPD-1) by inoculation of the syngeneic tumor cell line
MC38. The C57/hPD-1 mice were subcutaneously inoculated
with 1 x 10° MC38 cells and the size of the tumor was

monitored after injection of the toripalimab or negative con-
trol I1gG4 (antikeyhole limpet hemocyanin (KLH) IgG4)
(Figure 1(c)). The results showed that inhibition of tumor
growth was observed in a dose-dependent manner with sub-
stantial antitumor efficacy in 1, 3, and 10 mg/kg treatment
groups with toripalimab (Figure 1(d)). Compared with the
negative control IgG4-treated group, the tumor sizes in the
toripalimab-treated groups decreased significantly at the end
of the observation period (day 23), with P values being less
than 0.05 in the 1 and 3 mg/kg groups, and P < 0.01 in the
10 mg/kg group. The low dose group (0.3 mg/kg) showed no
significant change in tumor size compared to control Ig (P >
0.05). The ECsy dose for toripalimab in this MC38 tumor
model likely falls between 0.3 and 1 mg/kg. Therefore, the
PD-1 targeting toripalimab exhibits substantial tumor sup-
pressive efficacy in a dose-dependent manner.

FG loop of PD-1 dominates the binding to toripalimab

To elucidate the binding characteristics of toripalimab to PD-1
and the blocking mechanisms of toripalimab to PD-1/PD-L1
interaction, the complex structure of toripalimab and PD-1
was determined at a resolution of 2.6 A after screening of crystals
of toripalimab-antigen-binding fragment (Fab)/PD-1 complex
proteins (Table S1 and Figure 2(a)). The toripalimab binds to
PD-1 with a total buried surface of 2011 A% while H chain and
light (L) chain contributes comparable buried surfaces to PD-1,
with a buried surface of 961 A* and 1, 049 A% respectively.
Overall, all three CDRs of the heavy chain (HCDRs) of toripa-
limab are involved in the interaction with PD-1, while CDR1 and
CDRS3 of its light chain (LCDR1 and LCDR3) are engaged in
recognition to PD-1 (Figure 2(b)). The binding of toripalimab to
PD-1 is mainly located on the FG loop of PD-1, which is mainly
contributed by HCDR3 and LCDRI of toripalimab, with multi-
ple hydrogen bond interactions. Toripalimab possesses a long
HCDR3 loop with 18 amino acids, which forms multiple con-
tacts with the FG loop of PD-1. Specifically, the amino acids of
HCDR3 (E99, T102, Y108, W110, and Y111) contributed major
hydrogen bond interactions with amino acids from FG loop of
PD-1 (P130, K131, A132, and 1134) (Figure 2(b)). The H31 of
LCDRI1 of toripalimab also forms hydrogen bond interactions
with P130 of the FG loop. Additionally, amino acids from
HCDRI1, HCDR?2, and LCDRI contact with FG loop of PD-1
with multiple van der Waals’ forces (Table 1). Taken together,
the binding of toripalimab to PD-1 is mainly contributed by the
long HCDR3 loop of toripalimab, while FG loop of PD-1 con-
tributed most of the interactions with toripalimab.

Blocking mechanisms of toripalimab to PD-1/PD-L1
interaction

To explore the blocking mechanisms of toripalimab to the
interaction of PD-1/PD-L1, the structure of toripalimab/PD-1
complex was superimposed with PD-1/PD-L1 complex (PDB
code: 4ZQK). Overall, the binding of toripalimab to PD-1
exhibited stereospecific hindrance to that of PD-LI.
Specifically, the H chain of toripalimab provides major conflicts
with PD-L1, while L chain is away from the binding interface of
PD-1/PD-L1 (Figure 3(a)). Further analysis of the binding
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Figure 1. Antitumor efficacy of toripalimab in a MC38 bearing mouse model. (a,b) Blocking of the binding of PD-1 to PD-L1 or PD-L2 using protein-based ELISA assay

(a) or cell-based flow cytometry assay (b). (c) Flow chart of the animal study. MC

38 was inoculated into human PD-1 knock-in mice of the C57BL/6 background.

Toripalimab was administered via intraperitoneal (i.p.) injection every 3 or 4 d from day 7 (D7) after MC38 tumor inoculation. The size of the tumor was monitored

every 3 or 4 d after injection of toripalimab or control mAb. Saline and control mAb

were enrolled as negative control. (d) Mice bearing subcutaneous MC38 palpable

tumors for 7 d were treated i.p. with four doses of toripalimab, 0.3, 1, 3, and 10 mg/kg, or saline or control IgG. The data with each dot show the average tumor
volume of the group while the SE was presented as longitudinal bars. (e-j) Individual follow-up of tumor sizes is presented for each experimental group with each

line showing the changes of the tumor size of each mouse.

surface of toripalimab on PD-1, in comparison with that of PD-
L1, revealed that the overlapped binding surface mainly locates
on FG loop (P130, K131, A132, and 1134), which is also the
major target for toripalimab binding (Figure 3(a)). Taken
together, these findings suggest that the binding of toripalimab
to PD-1 would abrogate the binding of PD-L1, which is mainly
induced by H chain-derived stereo clash.

Glycosylation-independent binding of toripalimab to
PD-1

Previous studies revealed that PD-1 is highly glycosylated."”
Therefore, the influences of PD-1 glycosylation to the binding of

toripalimab were further evaluated. PD-1 protein has four poten-
tial N-linked glycosylation sites, N49, N58, N74, and N116. The
structural analysis of PD-1 showed that glycosylation modifica-
tions could be observed in three of these N-glycosylation sites,
N49, N58, and N116 (Figure 4). Similar glycosylation modifica-
tions were found on N49 and N58, which consist of two
N-acetylglucosamines (NAG) and one fucose (FUC), while only
one NAG was visible on N116. Of note, N58 is located near the
interface of toripalimab and PD-1. Glycosylation modifications
might also affect the overall structure of PD-1, and further affect
the binding to toripalimab. Therefore, the binding affinity of
toripalimab to PD-1 was evaluated with PD-1 proteins obtained
from 293T expressing system, which enables full glycosylation
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Table 1. Residues contributed interaction between toripalimab and PD-1.

Toripalimab PD-1 Contacts® Total
H chain 154
E33 S$127, L128, A152 1,15,6
w47 A129 2
V50 L128, A129 3,1
E52 1126, L128 3,2
T55 V64, N66, 1126 233
G57 V64, L128 1,6
T58 L128 4
A59 S62, L128, A129 4,41
E99 K131, A132 9 (1)°8
G100 A132 2
1101 A132, Q133, 1134 34,5
T102 A132, Q133, 1134 5(1), 16,5 (1)
T103 1134 3
Y108 K131 5(1)
Y109 K131 3
W110 K131 7 (1)
Y111 P130, K131 3,15 (1)
L chain 91
H31 W32, P130, K131 3,10 (1), 3
S32 W32, T59 9,2
N33 W32 18
Y37 K131 18
G96 P130, K131 4,1
S97 P130 5
H98 P130 7
V99 A129, P130 4,7
L101 P130 1

Figure 2. The complex structure of toripalimab and PD-1. (a) Gel filtration
profiles of PD-1 (red), toripalimab-Fab (black), and the PD-1/toripalimab-Fab
complex (green) were analyzed by size-exclusion chromatography as indi-
cated. The SDS-PAGE analyses are shown in reducing (+DTT) or nonredu-
cing (-DTT) conditions, one for PD-1, two for toripalimab-Fab, and three for
toripalimab-Fab/PD-1 complex. (b) The complex structure of toripalimab
and PD-1. The V fragment of toripalimab is shown as cartoon (heavy
chain (VH), wheat; light chain (VL), lemon), and PD-1 is shown as surface
representation (light blue). The CDR1, CDR2, and CDR3 loops of the heavy
chain (HCDR1, HCDR2, and HCDR3) are colored in light pink, marine, and
hot pink, respectively. The CDR1, CDR2, and CDR3 loops of light chain
(LCDR1, LCDR2, and LCDR3) are colored in yellow, orange, and magenta,
respectively. The FG loop of the PD-1 molecule is highlighted in cyan. The
right panel showed the detailed binding of toripalimab to the FG loop of
PD-1. Residues involved in the hydrogen bond interaction are shown as
sticks and labeled. Hydrogen bonds are shown as dashed black lines.

modification of PD-1, or refolded from inclusion bodies expressed
in E. coli, which is deficient in any glycosylation modifications.

The binding profiles of toripalimab with PD-1 proteins
obtained from 293T or E. coli expression system were analyzed
using a surface plasmon resonance (SPR) assay with toripalimab
immobilized on the chip. The results revealed that the binding
affinity (Kp) of toripalimab with PD-1 proteins from E. coli (Kp =
0.324 nM) showed no substantial difference with that from 293T
cells (Kp = 0.238 nM) (Figure 4(b)). This finding suggests that the
binding of toripalimab to PD-1 is independent of any glycosyla-
tion modifications.

Comparative binding characteristics of PD-1 targeting
mAbs

The complex structures of two US-FDA approved anti-PD-1
mAbs, nivolumab and pembrolizumab, have been reported,
which enabled us to investigate the binding characteristics of

*Numbers represent the number of atom-to-atom contacts between toripalimab
and PD-1 residues, which were analyzed by the Contact program in CCP4 suite
(the distance cutoff is 4.5 A).

PNumbers in the parentheses represent the number of hydrogen bonds between
toripalimab and PD-1 residues which were analyzed by the Contact program in
CCP4 suite (the distance cutoff is 3.5 A).

these mAbs, which have promising efficacy as tumor

: 15,16
immunotherapy.

The PD-1 extracted from the complex with PD-L1, nivolumab
or pembrolizumab was superimposed with that from the toripali-
mab/PD-1 complex (Figure 5(a)). We found that these mAbs bind
mainly on the loops of PD-1. The pembrolizumab mainly binds to
the CD loop, while the binding of nivolumab mainly involves the
N-terminal loop. In the meanwhile, the binding of toripalimab to
PD-1 mainly locates on the FG loop, as also described above
(Figures 2(b) and 5(a)). The CD loop and N terminal loop of
PD-1 could only be visible upon binding with the mAbs, indicat-
ing the flexibility of these loops. Of note, the FG loop exhibits
varied conformations upon binding to different partners (Figure 5
(b)). The FG loop is invisible in the PD-1/pembrolizumab com-
plex, which indicates the flexibility of this loop. A substantial shift
of 8.19 A was observed with the FG loop when PD-1 binds to
nivolumab or toripalimab. The binding of nivolumab is mainly
contributed by the N-terminal loop, though multiple contacts
were also observed with the FG loop."® This finding suggests that
the FG loop of PD-1 adopts different conformations upon binding
to different mAbs.

Structures of the nivolumab/PD-1 and pembrolizumab/PD-1
complexes were superimposed with toripalimab/PD-1 complex,
with the structure of PD-1 fixed to investigate the binding mode
of different mAbs. Comparative analysis revealed that the bind-
ing orientation of toripalimab to PD-1 is similar to that of
nivolumab, while pembrolizumab adopts a distinct binding
orientation (Figure 5(c)). Though similar binding orientation is
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Figure 3. Competitive binding of toripalimab and PD-L1 with PD-1. (a) Superposition of the toripalimab/PD-1 complex structure with PD-1/PD-L1 complex structure
(PDB code: 4ZQK). PD-L1 is shown in light pink while VH of toripalimab is colored in wheat and VL in lemon. (b) Binding surface of PD-1 with PD-L1 or toripalimab.
The residues in contact with PD-L1 are colored in light pink, whereas residues in contact with toripalimab are colored in light teal, and the overlapping residues
bound by both PD-L1 and toripalimab are colored in marine.
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Figure 4. Glycan modifications of PD-1 and glycosylation independent binding of toripalimab. (a) Complex structure of toripalimab-Fab and PD-1 with glycan depicted as
sticks in orange. Four potential N-linked glycosylation sites, N49, N58, N74, and N116, were shown as sticks in light teal. (b). SPR assay characterization of the binding
between toripalimab and PD-1 proteins using a BIAcoreT100 system. The refolded PD-1 protein (L25-R147), which is expressed in E. coli and refolded in vitro, and PD-1
protein obtained from 293T cells were analyzed for binding affinity with toripalimab, with toripalimab immobilized on the chip. The binding characteristics (K,, K4 and Kp)
were labeled accordingly. The data presented here are a representative of three independent experiments with similar results.

observed between toripalimab and nivolumab, the major bind- Discussion
ing regions on PD-1 are substantially different between these two
mAbs, as also described above. These findings suggest that
therapeutic mAbs targeting PD-1 adopt distinct binding modes
to interrupt the interaction of PD-1 and PD-L1.

In this study, we report the antitumor efficacy of toripalimab in
a mouse model and the structural basis of the interaction between
toripalimab and PD-1. Toripalimab has been reported to be
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Figure 5. Comparative binding of PD-1 targeting mAbs. (a) Superimposition of the PD-1 from complex structures of PD-1/PD-L1 (cyan) (PDB code: 4ZQK), PD-1/
pembrolizumab (light pink) (PDB code: 5JXE), PD-1/nivolumab (lemon) (PDB code: 5WT9), and PD-1/toripalimab (light blue) (PDB code: 6JBT). The loops contributed
major binding to the mAbs were highlighted in dashed circles. (b) Comparison of the FG loop of the PD-1s from the complex structures. The FG loop of PD-1 shifted
8.19 A upon the binding to nivolumab or toripalimab. (c) Superimposition of the complex structures of PD-1/pembrolizumab, PD-1/nivolumab and PD-1/toripalimab
with the mAbs shown as ribbon in red, blue, and lemon, respectively. The PD-1 from PD-1/toripalimab complex is shown as surface in light blue with the FG loop

highlighted in cyan.



competent in decreasing the expression of PD-1 in both CD4" and
CDS8" T cells.** Here, we show that toripalimab could significantly
reduce the tumor burden in the mouse model in a dose-
dependent manner. The structural analysis revealed that the bind-
ing of toripalimab to PD-1 induced stereo hindrance for the
binding of PD-L1, and the overlapping binding surface has indi-
cated the competitive binding to PD-L1. We found that binding of
toripalimab to PD-1 mainly locates on the FG loop, a loop that
also contributes multiple interactions with PD-L1.”°> Moreover,
the glycosylation-independent binding of toripalimab to PD-1
also provided useful information for our understanding of the
antitumor mechanisms, especially when targeting PD-1 in tumor
cells, which are usually accompanied with deficiency in glycosyla-
tion modifications.”> All these findings broaden our understand-
ing of the binding mechanisms of toripalimab, and may facilitate
its clinical applications.

PD-1 binds to PD-L1 or PD-L2 with the front B-sheet faces
consisting of CCFG strands.”>*® In our study, we found that the
binding of toripalimab to PD-1 is mainly located on the FG loop of
PD-1, while amino acids from FG loop of PD-1 (L128, P130, K131,
and A132) also contributed multiple interactions with PD-L1.>
The toripalimab contains an unconventional, long HCDR3 loop
consisting of 18 amino acids, which provided major hydrogen
bond interactions with the FG loop of PD-1. It could be deduced
that this HCDR3 loop would be responsible for the high binding
affinity of toripalimab to PD-1, as observed in the SPR assay. Of
note, the FG loop of PD-1 is highly flexible, such that it adopts
different conformations to bind to different counterparts, e.g.
nivolumab and toripalimab. The binding of toripalimab to PD-1
has induced substantial stereo clash with the binding of PD-LI,
which is mainly mediated through the H chain of toripalimab.
Therefore, toripalimab’s blockade of PD-1/PD-L1 interactions is
due to both the overlapping binding regions of toripalimab and
PD-L1 on PD-1, and stereo hindrance of the H chain of toripali-
mab to PD-L1. Meanwhile, nivolumab and pembrolizumab
mainly bind to the N-terminal loop and the C'D loop of PD-1,
indicating that the flexible loops of PD-1 are more prone to be
targeted by therapeutic mAbs targeting PD-1.

Disordered glycosylation modifications of the proteins in
tumor cells have played critical roles in the development and
progression of multiple tumors.”" PD-1 protein is highly glycosy-
lated, and all of the four potential N-linked glycosylation sites are
suggested to be glycosylated." Intrinsic expression of PD-1 in
tumor cells has been reported to play critical roles in promotion
of tumor growth, and mAbs targeting tumor cell-intrinsic PD-1
would induce substantially decreased progression of the tumors.’
Therefore, PD-1-specific mAbs not only restimulate the exhausted
T cells to evoke antitumor immunity, but also suppress tumor
growth by directly targeting tumor cell-intrinsic PD-1. The dysre-
gulated glycan transferase expression in tumor cells raises the
concern that the binding efficacy of PD-1 specific mAbs might
be affected by the disordered glycosylation modifications of PD-1
in tumor cells, and thereafter affects the treatment efficacy.”>*
The structure of PD-1 reported here, which is expressed in 293T
cells, revealed that glycosylation modifications could be observed
at three of four N-linked glycosylation sites. The N-linked glyco-
sylation sites are mainly located on the loops of PD-1, namely BC
loop (N58), CC’ loop (N74), and EF loop (N116), except the N49 at
the beginning of B strand. All the visible glycosylation
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modifications of PD-1 are away from the interface of PD-1/PD-
L1, and the binding of PD-1 to PD-L1 is not directly affected by
these glycosylation modifications, as is reported previously by our
group and the others.'>'® However, Li et al. recently reported that
N-linked glycosylation of PD-L1 would affect the contact between
PD-1 and PD-L1, suggesting that glycosylation modifications
might be involved in modulation of PD-1 signaling.”* Through
the determination of the binding affinity of toripalimab to fully
glycosylated or nonglycosylated PD-1 proteins using SPR assay, no
substantial differences were observed, indicating the independence
of glycosylation modification to toripalimab binding to PD-1.
These results suggest that clinical application of toripalimab may
be less likely to be affected by dysregulated glycosylation modifica-
tions of PD-1.

In summary, we report the molecular basis of toripalimab
binding to PD-1 for tumor ICT. Toripalimab binds to the FG
loop of PD-1 with an unconventional, long HCDR3, which is
distinct from the currently FDA-approved nivolumab and
pembrolizumab. The binding of toripalimab to PD-1 is inde-
pendent of glycosylation modifications of PD-1. All these
findings facilitate our understanding of the binding mechan-
isms of toripalimab, and may benefit future development of
biologics targeting PD-1 for tumor immunotherapy.

Materials and methods
Plasmid construction and protein purification

The DNA encoding the ectodomain of human PD-1 (residues
M1-Q167, including signal peptide) with six histidines at the
C terminus of the sequence was cloned into pCAGGS vector
(Addgene) with EcoRI and BgIII restriction sites as previously
described.'” Plasmid pCAGGS-PD-1 was transiently transfected
into 293T cells for protein expression; the cells were cultured with
5% CO, at 37°C. The supernatant was collected after 72 h, and the
protein was purified by sequentially His-Trap HP column (GE
Healthcare) and SuperdexTM 200 10/300 GL (GE Healthcare) in
a buffer containing 20 mM Tris and 150 mM NaCl (pH 8.0).

The DNA encoding the ectodomain of human PD-1 (residues
L25-R147) was cloned into the pET-21a vector (Novagen) with
Ndel and Xhol restriction sites and transformed into Escherichia
coli strain BL21 (DE3) for protein expression."” The inclusion
bodies of recombinant proteins were purified and then refolded
as previous described." Soluble proteins were further purified by
a Superdex™ 200 10/300 GL (GE Healthcare) with a running
buffer of 20 mM Tris (pH 8.0) and 150 mM NaCl.

Full-length toripalimab proteins were obtained from Shanghai
Junshi Biosciences. The purified mAbs were digested with the
Human IgG Fab and F(ab’)2 Preparation Kits (Thermo Scientific)
according to the manufacturer’s instructions. The protein frag-
ments were purified by HiTrap Protein A FF (GE Healthcare),
and then exchanged to the buffer of 20 mM Tris (pH 8.0),
150 mM NaCl.

Blocking of PD-1 and its ligands with ELISA and flow
cytometry

The ability of toripalimab to compete with PD-L1 or PD-L2 for
PD-1 binding was assessed in ELISA and flow cytometry-based
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competition experiments. In ELISA-based assays, recombinant
human PD-1 ECD fusion protein was immobilized to microtiter
plates, washed, and blocked using 1% bovine serum albumin
(BSA). Biotin-labeled PD-L1 and PD-L2 Fc fusion (R&D
Systems) were added to the plate, together with a titration of
toripalimab antibody. The bound PD-L1 and PD-L2 Fc fusion
proteins were detected by incubation with horseradish peroxi-
dase-labeled ~ streptavidin  secondary antibody  (Jackson
ImmunoResearch, catalog no. 016-030-084). Half-maximal inhi-
bitory concentrations (ICsy) of toripalimab were determined
using a log(inhibitor) vs. response—variable slope curve fit
(GraphPad Prism).

In flow cytometry-based competition assay, biotin-labeled PD-
L1 and PD-L2 Fc fusion were incubated with 293T cells stably
transfected with human PD-1 (293T-hPD1). Cell surface-bound
PD-L1 and PD-L2 Fc fusion protein was subsequently detected by
incubation with PE-labeled Streptavidin secondary antibody
(eBioscience, catalog no. 12-4317-87). Half-maximal inhibitory
concentrations (ICsy) of toripalimab were determined using
a log (inhibitor) vs. response—variable slope curve fit (GraphPad
Prism).

In vivo antitumor activity in a syngeneic tumor model

A genetically modified mouse strain with human PD-1 knocked-
in was employed in our study. For the MC38 syngeneic model,
mice were subcutaneously inoculated with 1 x 10° MC38 cells in
100 uL phosphate-buffered saline on day 0. On day 6, the inocu-
lated mice were randomized into six groups (tumor volume
averages 20-70 mm®) and treated with either control Ig (anti-
KLH, Junshi Biosciences, lot no. 20160929), saline, or toripalimab
at 0.3, 1, 3, and 10 mg/kg via intraperitoneal injection twice
a week. The tumor growth was monitored twice a week and the
volume of the tumors was calculated by the formula: % length x
width’.

Complex preparation and crystallization

The mammalian cell-expressed PD-1 protein and toripalimab-
Fab were mixed at a molar ration of 1:1. The mixture was
incubated on ice for 30 min and further purified by Superdex™
200 10/300 GL (GE Healthcare). A total of 10 mg/mL of toripa-
limab/PD-1 proteins were used for crystal screening by vapor-
diffusion sitting-drop method at 4°C. Diffractable crystals were
obtained in a condition consisting of 0.09 M halogens consisting
of NaF, NaBr, and Nal additives, 0.1 M Tris-Base (pH 8.5), 37.5%
(v/v) MPD-P1K-P3350 consisting of MPD (racemic), PEG 1K
and PEG 3350 (Morpheus® MD1-46 kit, Molecular Dimensions).

Data collection and structure determination

To collect the diffraction data, all crystals were flash-cooled in
liquid nitrogen after incubating in reservoir solution contain-
ing 20% (v/v) glycerol. The diffraction data were collected at
Shanghai Synchrotron Radiation Facility (SSRF) BL17U, and
all data were processed with HKL2000.*® The complex struc-
ture was solved by molecular replacement method using phase
with the reported PD-1 structure (PDB: 5WT9) and Fab
structure (PDB: 5WT9) as the search models.?**°

Subsequent model building and refinement were performed
using coot and phenix to refine the results, respectively.’">
The stereochemical qualities of the final model were assessed
with MolProbity.”* Data collection and refinement statistics
are summarized in Table S1. All structural figures were gen-
erated using Pymol (http://www.pymol.org).

SPR analysis

The SPR analysis was performed at room temperature using
a BIAcore T100 system with CM5 chips (GE Healthcare). For
all the analyses, an HBS-EP buffer consisting of 10 mM HEPES
(pH 7.4), 150 mM NaCl and 0.005% (v/v) Tween-20 was used as
running buffer, and all proteins were exchanged to the same
buffer in advance via gel filtration. The blank channel of the chip
was used as the negative control. To detect the toripalimab
binding to different forms of PD-1 proteins, toripalimab protein
was immobilized on the chip by antihuman IgG at about 70
response units. Gradient concentrations of PD-1 (0.975, 1.95,
3.9,7.81, and 15.625 nM) were then flowed over the chip surface.
After each cycle, the sensor surface was regenerated with 3M
MgCl,. The binding kinetics were all analyzed with the software
of BIA evaluation® Version using a 1:1 Langmuir binding model.

Data deposition

Atomic coordinates have been deposited in the Protein Data Bank
(PDB, http://www.rcsb.org/pdb) under accession code 6]BT.

Abbreviations

CAR-T  chimeric antigenic receptor engineered T cells
CDR complementarity-determining region
CTLA-4 cytotoxic T-lymphocyte-associated protein 4
ELISA  enzyme-linked immunosorbent assay

ECD extracellular domain

Fab antigen-binding fragment

Fv variable fragment domain

H chain heavy chain

ICT immune checkpoint therapy

1Cs Half-maximal inhibitory concentrations

Ig immunoglobulin

KLH keyhole limpet hemocyanin
mAb monoclonal antibody

NAG N-acetylglucosamines

FUC fucose

PD-1 programmed cell death 1
SPR surface plasmon resonance.
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